Abstract-The temperature dependence of strainenhanced electron mobility in nMOSFETs is investigated by using a self-consistent Schrödinger-Poisson solver. The calculated results suggest that vertical compressive stress is more efficient to maintain the strain-enhanced electron mobility than longitudinal tensile stress in high temperature condition.
I. INTRODUCTION
As the device dimension shrinks, the enhancement of carrier mobility by strain has been investigated to improve device performance. The strain changes the electronic band structure resulting in the change of carrier mobility [1] [2] [3] [4] [5] . While the electrostatics of strained MOSFETs has been studied, several research groups have reported the mobility characteristic in strained MOSFETs [1, 6] or in unstrained MOSFETs [7, 8] . It is also reported that the intervalley phonon scattering is required to accurately explain the behavior of inversion layer mobility in both strained and unstrained Si MOSFETs [9] . Furthermore, Si devices in VLSI logic chips have been used in high temperature environments recently. The mobility of carrier is closely related to the temperature. Thus, it is important to know the characteristic of strain-induced electron mobility enhancement in high temperature condition. However, there is very little information on the relation between temperature and uniaxial stress-induced electron mobility enhancement [10, 11] .
The aim of this paper is to explain the temperature dependence of uniaxial strain-induced electron mobility in nMOSFETs. Among several stress conditions, we focus on the longitudinal tensile (L-T) and vertical compressive (V-C) uniaxial stress because these stresses are widely used as process-induced uniaxial stress to improve the electron mobility.
II. MOBILITY SIMULATION
We calculated the wave functions using our Schrödinger-Poisson solver. In addition, the phonon scattering mobility (µ ph ), coulomb mobility (µ coul ) and surface roughness mobility (µ sr ) on the (100)/<110> Si surfaces were also calculated through our solver. To consider the physical mechanism of mobility enhancement in strained nMOSFETs, we take the intravalley and intervalley phonon scattering into account [6, 8] . The traditional theory of intravalley and intervalley phonon scattering has already been developed and expressions for the momentum relaxation rate have been obtained. The momentum relaxation rate by intravalley acoustic phonons (τ i intra ) from the i th subband to the j th subband is given by
where n i ac is the degeneracy of the valley with respect to intravalley scattering, m d,j is the density-of-state effective mass of electrons at the j th subband, D ac,eff is the effective intravalley deformation potential for acoustic phonon scattering, ρ is the mass density of the crystal, s l is the longitudinal sound velocity, and U(x) is the Heaviside step function. F i,j is the form factor determined by the wave functions of the i th and the j th subbands [6] . The momentum relaxation rate for intervalley phonon scattering (τ i inter ) from the i th subband to the j th subband is given by
where k is the index of phonons and n ij f,g is the degeneracy of the valley j undergoing an intervalley transition from valley i to valley j, D k,eff is the effective deformation potential of the k th intervalley phonon, E k is the energy of the k th intervalley phonon, N k is the BoseEinstein distribution function, and f(E) is the Fermi-Dirac distribution function. In (3), f and g are the type of intervalley scattering. The upper or lower sign must be taken for the process of emission and absorption of phonons, respectively [6] . The physical parameters used in equations are listed in Table 1 . Also, Fig. 1 represents the schematic of phonon scattering for (100) orientation in the 3-D E-k band structures. 'E 0 ' is the lowest energy level of Δ2 valley. Intravalley phonon scattering occurs in each valley. 'f type' intervalley phonon scattering occurs within Δ2 and Δ4 valleys and 'g type' intervalley phonon scattering occurs within each Δ2 or Δ4 valleys.
The total relaxation rate (τ i ) with the energy E for i th subband is given by
The electron mobility in the i th subband (µ i ) and phonon scattering mobility (µ ph ) are given by
where m c,i is the conductivity mass of i th subband. In the equation above, N i is the carrier density of the i th subband, and N s is the total carrier density. We also calculate µ sr and µ coul using the equation described in [7] and [12] . In order to more accurately calculate the µ ph , we use the concept of effective deformation potential which means the deformation potential is changed by effective electric field (E eff ). For silicon, intervalley phonon energy (E k ) depends on f type and g type scattering mechanisms and we used E k parameter set proposed by Ferry [13] . In case of intravalley deformation potential (D ac ), various D ac parameter sets are usually used to represent the experimental mobility. In addition, some of them suggest that the effective deformation potential should be dependent on surface-field [14, 15] . So, in this work, D ac,eff and D k,eff are modeled to realize effective deformation potential, as
, ,
where D ac and D k are deformation potentials at E eff = 0.1MV/cm, E eff is the effective electric field, and 0.3 is theoretically equal to electric field dependence of carrier mobility on a (100) surface [16] . The fitting parameters A and B are determined from two limits that D ac,eff at E eff = 0.1MV/cm is 12eV and D ac,eff at 1MV/cm is 18eV, and we used A = 9.34, B = 0.12 for a (100) orientation. Analytical expressions for the strain-induced valley splitting and effective mass changes of the (110)/<110> have been reported in [17] . However, the stress effect of valley and the effective mass in the (100)/<110> have not been explained. So, we derived analytical expressions for the stress-induced changes of the conduction band minima and effective mass.
According to the theory of elasticity, the general relation between stress and strain tensors is described by a matrix equation [18] . The strain-induced energy shifts are given by [17, 19] where ε xx , ε yy , and ε zz are the normal-strain components and ε yz , ε xz , and ε xy are the shear-strain components. The numerical values for (9) and (10) are reported in Table 2 . We also obtained the strain induced energy shift in the (100)/<110> by substituting the components of the strain tensor and the numerical parameters reported in Table 2 
where E ∆2,0 and E ∆4,0 is the strain induced energy shift for ∆2 and ∆4 valley. T L , T W , and T V are the stress components in the gate length, gate width, and gate vertical direction. They are in gigapascal. The masses of ∆2 valley are changed by the shear strain component in the (100)/<110>, and it is given by [17, 19] 
where m ∆2,c , m ∆2,q , and m ∆2,d are the conductivity, quantization, and density of state mass of ∆2 valley, Table 2 . The calculated electron mobility of unstrained Si agrees well with experimental data. In Figs. 2 and 3 , the calculated total mobility in the (100)/<110> is compared with the experimental data in [16] for various temperatures and N sub . As can be seen, our calculation results describe the total electron mobility with temperature and N sub in the high E eff well. Fig. 4 is the strain dependence of µ eff enhancement induced by uniaxial longitudinal and transverse tensile stress, and our numerically calculated results show good agreement with experimental data taken from [20] . As can be shown in Figs. 2-4 , our numerically calculated mobility shows good agreement with the experimental data. Therefore, it is reasonable that we use our numerically calculated results to predict the straininduced mobility enhancement for various cases. 
III. TEMPERATURE DEPENDENCE ON STRESS
Calculated Fig. 5 . The temperature dependence of the µ eff for various stress conditions. The square symbol represents the experimental data from [10] . L-T means the longitudinal tensile stress and V-C is the vertical compressive stress. difference between L-T and V-C stress in 1 GPa at room temperature, we calculate the stress dependence of µ eff . In Fig. 6 , L-T and V-C stress show different stress dependence. It is important to notice that the µ eff is increased continuously by L-T stress, while the µ eff under V-C stress is saturated at 0.5 GPa. Therefore, the contrast of stress dependence between them is the main cause of strain-induced mobility enhancement at room temperature. The reason for this difference between L-T and V-C stress is the effective conductivity mass (m c ) of ∆2 valley. In other words, m c of ∆2 valley is changed by L-T stress, whereas V-C stress does not change the m c of ∆2 valley. In Fig. 5 , another important property is that temperature-induced mobility degradation under V-C stress in 1 GPa is smaller than that under L-T stress at high temperature. To investigate the cause of mobility enhancement, we calculate the occupancy of each subband. In case of (100)/<110>, ∆2 valleys is more important than ∆4 valleys because ∆2 valley is unprimed valley and m c of ∆2 valley is smaller than ∆4 valley. Fig.  7 is the calculated occupancy of ∆2 valleys for various stress conditions as a function of temperature. The occupancy of ∆2 valleys in L-T stress is smaller, although the µ eff induced by L-T stress is larger than V-C stress, since L-T stress decreases the m c of ∆2 valley. The µ eff is influenced by both the occupancy of subbands and m c , however m c is not changed by temperature. Therefore, we may conclude that temperature dependency of µ eff induced by strain, as shown in Fig. 5 , is mainly due to the relative occupancy of subbands.
To examine these occupancy characteristics, we confirmed the bottom subband energy of each valley and Fermi-Dirac (FD) distribution at 25℃ and 145℃. Fig. 8 shows the calculated conduction band energy (E C ) and Fermi-Dirac distribution. E 0 represents the bottom subband energy of ∆2 valley and E' 0 is the bottom subband energy of ∆4 valley. In Fig. 7 , occupancy of ∆2 valleys decreased significantly as temperature increased in L-T stress. It is due to the substantial increase of FD of ∆4 valley at high temperature as shown Fig. 8 . On the contrary, the temperature dependency of FD is small in case of V-C stress because the bottom subband energy of ∆4 valley is higher than L-T stress. Therefore the occupancy of ∆2 valleys induced by V-C stress shows mush less temperature dependency than L-T stress. It means that V-C stress is more effective than L-T stress to preserve the strain effect for electron mobility at high temperature. In other words, V-C stress is more efficient to maintain the strain enhanced electron mobility enhancement at high temperature condition.
IV. CONCLUSIONS
In order to investigate the strain-induced electron mobility characteristic, we calculate the mobility for various temperatures using the Schrödinger-Poisson solver and consider the intervalley and intravalley phonon scattering mobility simultaneously in strained Si. We also derived analytical expressions for the stressinduced changes of the conduction band minima and effective mass in the (100)/<110>. It is found that temperature dependency of mobility induced by strain is mainly due to the relative occupancy of subbands. Conclusively, our calculation results propose that the vertical compressive stress (V-C) is the more effective stress engineering to maintain the strain-enhanced electron mobility at high temperature rather than longitudinal tensile stress (L-T).
